ABSTRACT This paper addresses the challenge of understanding the typical star formation histories of red sequence galaxies, using linestrength indices and mass-to-light ratios as complementary constraints on their stellar age distribution. We first construct simple parametric models of the star formation history that bracket a range of scenarios, and fit these models to the linestrength indices of lowredshift cluster red-sequence galaxies. For giant galaxies, we confirm the downsizing trend, i.e. the stellar populations are younger, on average, for lower σ galaxies. We find, however, that this trend flattens or reverses at σ 70km s −1 . We then compare predicted stellar mass-to-light ratios with dynamical mass-to-light ratios derived from the Fundamental Plane, or by the SAURON group. For galaxies with σ ∼ 70 km s −1 , models with a late "frosting" of young stars and models with exponential star formation histories have stellar mass-to-light ratios that are larger than observed dynamical massto-light ratios by factors of 1.7 and 1.4, respectively, and so are rejected. The single stellar population (SSP) model is consistent with the Fundamental Plane, and requires a modest amount of dark matter (between 20% to 30%) to account for the difference between stellar and dynamical mass-to-light ratios. A model in which star formation was "quenched" at intermediate ages is also consistent with the observations, although in this case less dark matter is required for low mass galaxies. We also find that the contribution of stellar populations to the "tilt" of the Fundamental Plane is highly dependent on the assumed star-formation history: for the SSP model, the tilt of the FP is driven primarily by stellar-population effects. For a quenched model, two-thirds of the tilt is due to stellar populations and only one third is due to dark matter or non-homology.
INTRODUCTION
Red-sequence galaxies (RSGs) dominate the stellar mass in clusters and comprise ∼ 70% (Bell et al. 2003) of the stellar mass in the Universe. However, other than the fact that the bulk of their stellar population is older than ∼ 1 Gyr, a detailed understanding of their star formation histories remains elusive. RSGs follow a tight color-magnitude relation (hereafter CMR, Sandage & Visvanathan 1978; Bower et al. 1992) and scaling relations such as the Fundamental Plane (hereafter FP, Dressler et al. 1987; Djorgovski & Davis 1987) with little scatter. At the same time, the dependence of the colors on magnitude suggests that there are indeed variations in their stellar properties as a function of luminosity or a mass-related parameter such as stellar mass or velocity dispersion. Variations in the stellar populations would also affect the "tilt" of the Fundamental Plane with respect to the virial scaling, although the degree to which the tilt is due to stellar populations compared with dark matter (DM) and non-homology remains hotly debated (Prugniel & Simien 1996; Pahre et al. 1998; Gerhard et al. 2001; Trujillo et al. 2004; Cappellari et al. 2006; La Barbera et al. 2008) .
Broadband optical colors are not good discriminants of stellar populations because of the age-metallicity degeneracy (Worthey 1994) . These degeneracies can be broken by using stellar absorption lines (Worthey 1994; Thomas et al. 2003) . Recent results suggest that metallicity, α-enhancement and age vary along the mass or velocity dispersion sequence (Caldwell et al. 2003; Nelan et al. 2005; Thomas et al. 2005) , and also vary as a function of environment (Thomas et al. 2005; Smith et al. 2006 Smith et al. , 2009b .
A limitation of the above analyses is that, in general, the absorption line indices are sensitive only to weighted mean stellar age, with a weighting that strongly favors the most recent star formation (Serra & Trager 2007) . The indices provide only weak information about the range of stellar ages within a galaxy. For convenience, then, stellar population ages are often quoted as the equivalent age of a Single Stellar Population (hereafter SSP). In practice, other scenarios have been studied. For example, Trager et al. (2000) considered "frosting" models in which a small (few percent) "icing" of young stars on top of a "cake" of older stars yields a young luminosity-weighted age; Thomas et al. (2002 Thomas et al. ( , 2005 modeled star formation histories as a Gaussian in age; Bell et al. (2003) assume an exponential star formation history; Kauffmann et al. (2003) model SDSS galaxies as a combination of an exponential with small bursts; and Harker et al. (2006) considered models in which star formation starts early and is later quenched. In terms of predicting the line indices, these scenarios are largely, but not completely, degenerate, as we will show in Section 4.1.1. However, it may be possible to break these degeneracies using other, complementary, observations. One approach is via chemical abundances: because different elements are produced by different progenitors at various times, it is possible (in principle) to use the abundances as a clock (e.g. Thomas et al. 2005) . In practice, however, there are a large number of unknowns (masses of progenitors, yields, gas inflows and outflows) which render the quantitative conversion of element abundances into time-scales problematic. An alternative approach is to compare the predictions of various star-formation history scenarios against other observational relations besides line indices. At low redshifts, the observables include the slope of the CMR, the tilt of the FP and the scaling of mass-to-light ratios with mass or velocity dispersion. At higher redshift, one can compare the predictions for the evolution of the zero-point, slope and scatter of the CMR and FP, and of the RSG dwarf-to-giant ratio.
In this paper we fit the observed linestrength indices adopting six generic models of the star formation history. Previous studies (Trager et al. 2000; Bernardi et al. 2005) find velocity dispersion to be the "driving parameter" of stellar populations. Smith et al. (2009a) , using the same spectroscopic data as in this paper, not only confirm velocity dispersion to be the primary parameter of stellar populations, but find no additional dependence of the stellar populations on stellar mass. Therefore, for each model we assume a mean scaling and intrinsic scatter in metallicity, α-enhancement and "age", all assumed to be functions of velocity dispersion. Here, "age" is some parameter related to the timescale of star formation, the definition differing from model to model. Having constrained the scalings via the line strength data, we generate synthetic clusters using the stellar population parameters to determine mass-tolight ratios, colors, magnitudes etc. For these synthetic clusters, we construct the CMR and FP relations and compare these to observational data from low redshift rich clusters, under the assumption that these relations are universal for rich clusters (López-Cruz et al. 2004; McIntosh et al. 2005) . In a future paper, we will extend this approach to comparisons with high redshift clusters.
An outline of this paper is as follows: Section 2 describes the spectroscopic and photometric data sets; Section 3 describes the models of star formation history. The results of the fits to these models are presented in Section 4. Having fixed the parameters of the models with the spectroscopic data, we create synthetic clusters based on these models in Section 5 and compare these to dynamical mass-to-light ratios, colors, and the FaberJackson and Fundamental Plane relations in Section 6. We discuss the effect of systematics, the IMF and of dark matter on our results in Section 7 and discuss the impact of our results on derived stellar mass densities and the tilt of the FP in Section 8. We summarize the results in Section 9.
Throughout this paper, we assume the following cosmological parameters: (Ω M , Ω Λ , h) = (0.3, 0.7, 0.7).
DATA
In this paper, we will make use of two datasets for the RSG population in rich clusters. We assume that RSG populations in rich clusters are universal, in the sense of having the same distribution of star-formation histories at a given RSG mass. Absorption linestrength data from deep observations of the RSGs in three rich clusters in the Shapley supercluster are used to derive the ages and metallicities of the RSG population. The resulting predicted colors, magnitudes and Fundamental Plane parameters for the RSG population are compared to data in the Coma cluster.
Linestrength Data from Cluster Galaxies in
Shapley Concentration The Shapley cluster sample consists of ∼ 180 R < 18 emission-free cluster galaxies (Smith et al. 2007 ) that cover a wide range in central velocity dispersion (38 km s −1 < σ < 313 km s −1 ). There is no morphological selection in this dataset: the only selection is on Hα emission, and this is strongly correlated with color: ∼ 99% of the emission-free galaxies are red. Furthermore, red-selection and morphology are tightly correlated: for example, only ∼ 20% of NFPS galaxies with σ > 70 km s −1 are types Sa or later (Hudson et al. 09, in preparation) . Finally, we note that nearly all of the galaxies in the Shapley cluster sample lie within half the virial radius (r 200 /2) of the center of one of the three rich clusters (A3556, A3558, A3562) in the supercluster.
The Lick linestrength indices were measured from 8-hour, high signal-to-noise ratio (∼ 60Å −1 ) spectra, obtained with the AAOmega instrument at the 3.9m Anglo-Australian Telescope. The spectra were obtained through a 1" radius fiber, corresponding to a physical radius of 0.95 kpc. In this paper, we use six Lick linestrength indices (three Balmer indices and three metallic indices) to measure age-related quantities and metallicities, as discussed in Section 4 below.
Coma Cluster Galaxy Data
We will compare predictions from our models to photometric data for 218 galaxies in the Coma Cluster from SDSS DR 6 (Adelman-McCarthy 2008) and 2MASS (Skrutskie et al. 2006 ) with measured velocity dispersions from the literature. We compare with Coma rather than Shapley itself because no published photometry is available for Shapley, whereas a large range of wavebands is available in Coma (u through K). We note that the Coma cluster is of similar richness to the Shapley clusters, and López-Cruz et al. (2004) have shown that for Abell clusters, the cluster-to-cluster dispersion in CMR colour (at the characteristic luminosity L * ) is only 0.05 in B −R. Moreover, the CMR of Coma is typical, deviating by no more than 0.05 mags from the average relation. Figure 1 compares the linestrength indices from the homogeneous NFPS survey (Nelan et al. 2005) . There is no significant difference between the index-σ relations of the two clusters.
Derived photometric parameters in Coma include halflight radii, surface brightnesses within the half-light radius, and total magnitudes measured in the SDSS rband. These parameters have been corrected for the effects of seeing by fitting a model using GALFIT (Peng et al. 2002) model and the unconvolved model. In order to compare colors with ages and metallicities predicted from the Shapley linestrengths, we measure the colors within a 2" radius aperture corresponding to a physical aperture of 0.97 kpc, which matches the 1" aperture of the AAOmega data in Shapley. (Shapley is approximately twice as distant as Coma.) These aperture magnitudes are corrected for seeing in the same way as described above. Data are k-corrected using formulae from Frei & Gunn (1994) , and corrected for Galactic extinction using Schlegel et al. (1998) . Finally, because there is evidence for gradients in the stellar populations as a function of cluster-centric radius (Smith et al. 2006 (Smith et al. , 2008b , we limit fits to Coma galaxies within r 200 /2 (i.e. within 1.24 Mpc, 0.71
• ) of the cluster center.
In order to model stellar masses, as well as to calculate aperture corrections, we will require the relationship between effective radius and velocity dispersion. This relationship in Coma is shown in Figure 2 . We find that a broken power-law is required to fit the data:
log R e = 0.013 log σ + 0.21; log(σ) < 2.23 (1) log R e = 2.715 log σ − 5.81; log(σ) > 2.23
where R e is in units of kpc and σ is in units of km/s. The break in R e is closely related to the well-known break in the surface brightness behavior (Kormendy 1985) , and has been seen in the Faber-Jackson relation (Matković & Guzmán 2005) and the R e − L relation ) was fit to Coma galaxies with cluster-centric radius less than r 200 /2 (filled circles) to match the Shapley sample. Hyde & Bernardi (2008a) . The dispersion in log(R e ), is 0.213 for log(σ) < 2.23, and is 0.251 for larger values. The scatter at the low-σ/faint end is comparable to that found at fixed luminosity for the SDSS for faint earlytype galaxies; for comparison (Shen et al. 2003 ) find a dispersion 0.22 in log(R e ) for M r > −19.
SYNTHETIC LINESTRENGTHS FOR GALAXIES WITH COMPLEX STAR FORMATION HISTORIES
Our goal is to extend the SSP analyses of previous work to more complex star formation histories (CSFHs). A CSFH model can be generated by convolving the SSP response with the star formation rate. Here we combine the SSP SED's of Maraston (Maraston 1998 (Maraston , 2005 with the α−enhanced Lick-index absorption linestrengths (Thomas et al. 2003 (Thomas et al. , 2004 , together hereafter the TMBK models) to construct linestrength indices for CSFHs. Specifically, the TMBK line indices are based on SSP models. To obtain predictions for complex star formation scenarios, we reconstruct the fluxes in the sidebands and in the central (absorption) band for each step of star formation. By integrating these fluxes over all time steps, appropriately weighted, we can produce a set of indices for any formation scenario. A very similar method applies to mass-to-light ratios.
The range of possible star formation histories is clearly large and highly uncertain. Here we consider six simple star formation scenarios that are intended to bracket more complicated, realistic scenarios. All but one of the models we consider have a single age-related quantity, whose definition depends on the specific model detailed below. The exception is the Old SSP model, which has a single fixed age. Note that "ages" from Lick indices have poor age sensitivity at old ages, so it is impossible to discriminate, for example, an old instantaneous burst from an old burst of the same age, but with a short duration of 1 Gyr. The models and their abbreviations are as follows:
• Old SSP (hereafter OSP): a single burst of star formation at a fixed age of 13 Gyr.
• Single Stellar Population (SSP): a single burst of star formation, with fitted age t SSP .
• Exponential star formation rate (EXP): star formation begins 13 Gyr ago, ends 0.1 Gyr ago, with a fitted exponential decay parameter τ .
• "Abruptly" Quenched (AQ) star formation: a model with constant star formation beginning 13 Gyr ago, and an abrupt truncation of star formation at a fitted lookback time, t AQ .
• A 2-component "frosting" model (FR) consisting of a dominant (98% by mass) 13 Gyr SSP and a secondary (2% by mass) burst with fitted age t FR .
• A "Strangulation" model (STR): a quenched (constant SFR) model beginning 13 Gyr ago up to fitted t STR , followed by an exponential SFR from t STR to 0.1Gyr ago with fixed τ = 1 Gyr. The mass fractions in each component are a function of t STR , such that the SFR at t STR is continuous.
In each model, we assume a single metallicity and a single α-enhancement for all generations of stars, and fit these parameters to the data. Our models therefore do not attempt to include chemical enrichment in any physically motivated way and so the abundance parameters are intended to represent luminosity-weighted mean values.
Note that in the OSP, AQ, EXP, FR and STR models, we have chosen to fix the age of the old population or the "starting time" for star formation at 13 Gyr. While, in principle, one would like to leave the starting time as a free parameter, in practice, the multiple age parameters become highly degenerate. We will discuss the implications of varying the age of the oldest stars in Sections 4.2.3 and 7.1.
These models can be subdivided into two classes. In one class of models (OSP, EXP, FR), the stars are predominantly old. In the case of the EXP and FR models, intermediate (∼ 5 Gyr) luminosity-weighted ages can arise, but these are due to a small fraction (by mass) of very young ( 1 Gyr) stars in addition to the dominant (by mass) old population. In the other class of models (SSP, AQ, STR), there is little star formation at late times and the luminosity-weighted intermediate ages are due to stars which indeed formed at intermediate times.
We will show that these two classes have different properties, particularly in terms of their stellar mass-to-light ratios, even when constrained to match the same line index data.
FITTING STAR FORMATION HISTORY MODELS TO LINESTRENGTH INDICES
The goal of this paper is to create synthetic clusters of simulated galaxies with distributions of age and metallicity that are consistent with the observed line indices. While the observational data are of high S/N , the fitted ages and metallicities of individual galaxies have substantial correlated errors, particularly for the faintest, low velocity dispersion galaxies. Thus, rather than invert the data, we instead model the mean and scatter in the stellar population parameters, P ("age", metallicity and α-enhancement) that are required to match the median linestrength and the scatter in the observed linestrengths.
By comparing the scatters in either linestrengths (Trager et al. 2000) , colors (Bernardi et al. 2005) or total M/L (Cappellari et al. 2006 ) as a function of velocity dispersion, with the same scatters as a function of luminosity, one finds that the correlations with velocity dispersion are always tighter than those with luminosity. Indeed, we have confirmed this using our Coma cluster data described above. These results strongly suggest that the fundamental or "driving" parameter of stellar populations is the velocity dispersion (Smith et al. 2009a) , an assumption we will make in this paper. Thus we divide our sample into five bins by log(σ) and measure median Lick indices and scatters for each bin, both of which are then fit to each star formation history model.
We will use the six Lick indices given in Table 1 to break the degeneracies between "age" (traced primarily by the Balmer lines: HδF, HγF, Hβ), Fe (Fe4383, Fe5015) and α-element enhancement (Mgb5177). We assign the galaxies to five bins in velocity dispersion, and for each bin we calculate the observed median In general, however, we expect that the linestrength data may have small zero-point offsets. To compare with previous results, and following Smith et al. (2009a) , we force the median line indices in the highest-velocity dispersion bin to equal the SSP-parameters recovered by Nelan et al. (2005) Our goal is not only to fit the median line indices at each velocity dispersion, but also fit the spread in ages, metallicities and α-enhancement to the spread in each line index of each bin. We first calculate the total observed scatter S tot in a given index I at a fixed σ by measuring the semi-interquartile-range (SIQR) and convert this to its Gaussian equivalent: S tot = SIQR/0.67. This is more robust to outliers than the usual root-meansquare. We then estimate the intrinsic dispersion in line index properties as follows:
where S meas is taken to be the median measurement error in the bin for each specific absorption line.
Results

Fits to Median Linestrengths
We employ a simple χ 2 fitting scheme to the observed median linestrength indices. The results are shown in Figure 3 and are tabulated in Table 2 , along with the Shapley binned values to which the models were fit. Corresponding model parameters appear in Table 3 . Note that, for the Balmer lines HγF and Hβ, the scaling is roughly linear at high velocity dispersions, but the lowest-σ bin appears to deviate from this linear relationship. This will yield older ages for this bin. We will discuss this further in Section 5.4.
From Fig. 3 , we see that all models, except the Old SSP Model which is clearly a poor fit, yield similar predicted linestrengths. However, closer inspection of Hβ shows the SSP, AQ and STR models are a better fit to this index. To quantify this, we calculate a χ 2 for each model, for each line, as well as an aggregate χ 2 over all six lines for the four lowest mass bins (since we have fit a free offset to match the high velocity dispersion bin), and these values are tabulated in Table 2 . Formally, the EXP, FR and OSP are poor fits, the latter being rejected at > 99.99 CL. However, this is somewhat driven by our choice to correct the linestrengths to obtain a given age in the highest velocity dispersion bin, particularly for Hβ. If instead, we attempt to fit Hβ in all velocity dispersion bins simultaneously, then EXP and FR remain poorer fits than SSP but are no longer formally rejected. The OSP model, however, is still rejected at a high confidence level. Note that the OSP model is offset even in the highest velocity dispersion bin because we have adopted an age of 13 Gyr for this model rather than the default of 10.8 Gyr. It is clear that, with the exception of OSP, the models are nearly degenerate in most line indices.
Fits to Scatter
With at least three lines, we can iteratively calculate the best fit intrinsic scatter S 1,2,3 in the three model parameters P 1,2,3 , where where P 1 represents the agerelated parameter (log(t SSP ) for the SSP case) and P 2,3 are metallicity and α-enhancement respectively:
where the derivatives ∂I ∂Pi are calculated numerically from the model grids.
The above formula assumes that, at a given σ, the intrinsic scatter in age, for example, is independent of that of metallicity. However, we know that these parameters are not in fact independent. Worthey (1994) , and later Trager et al. (2000) showed that there is a correlation between age and metallicity at a fixed mass. Smith et al. (2008a) found ∂[Z/H]/∂ log(t SSP ) = −0.68 and ∂[α/Fe]/∂ log(t SSP ) = 0.34, using the same Shapley data as in this paper. To allow for correlated scatter, we modify equation (3) as follows. We allow for a scatter in the age parameter, and a correlated scatter in metallicity and α-enhancement. The sense of the correlation is that if a galaxy is older than the median by 0.1 dex, it is more metal-poor by -0.068 dex. We also allow for "extra" or residual uncorrelated scatter in the latter two parameters. We can now predict the scatter in each index as a function of the predicted scatter in each (SSP) model parameter as
where t represents the age-related parameter (e.g. t = log(t SSP ) for the SSP case) and P 2,3 are metallicity and α-enhancement respectively. By examining the response of the indices in the other star formation history models, in comparison with the SSP, it is possible to calculate the slope of the correlation between, for example, metallicity and the "age" parameter t (e.g. τ in the case of EXP models). These correlations for both metallicity and α-enhancement for all models are tabulated in Table 4 .
Distribution of Stellar Population Parameters as a Function of Velocity Dispersion
Having outlined how the line index scatters are predicted given correlated scatter in the model parameters, we proceed to fit these scatters to the observed values. Table 3 presents the model parameters yielding the best fits to the line index data. Also tabulated are the fit scatters in each parameter for each bin and model. Figures 4 and 5 illustrate the parameter versus velocity dispersion relations, and their associated scatter. We also show the linear fits to the parameters, ignoring the lowest σ bin, i.e. using data with σ > 70 km s −1 (log(σ) > 1.844); the quoted zero points are calculated at log(σ) = 2.00.
Systematics
Aperture Effects
Our data are observed through a 1" diameter fiber, corresponding to 0.95 kpc radius at the distance of Shapley. Thus the stellar populations found above correspond to the stars within that aperture. Nevertheless, for some purposes, it is interesting to consider how this might be extrapolated to refer to all stars within the effective radius, R e . As our data are all at a common distance we cannot solve for population gradients internally. Internal radial gradients in early-type galaxies have been studied by a number of authors, and are summarized in Table 4 of Rawle et al. (2008) . They find that gradients in age and α-enhancement are small, but the gradient in Z is ∆Z/∆ log r ap = −0.18 ± 0.02. We can correct our data to R e using this result, together with eq. 2. We find
Thus the correction is small: −0.08 for the highest velocity dispersion bin, and ∼ −0.04 for the other bins.
Line Indices: Choice of Index and Effect of Index Calibration Corrections
It is interesting to see whether the conclusions, particularly those for age, change significantly depending on which lines are used in the analysis. Here we focus on the Balmer lines, reproducing the fits with only one Balmer line rather than all three simultaneously. The results of these tests are shown in Fig. 6 . We find that the median age in the second-lowest bin (log σ = 1.844) changes by less than 1 Gyr (15%) depending on which Balmer line is used. In Hγ and Hβ we see a flattening or an upturn in age at the lowest velocity dispersion bin (as in Fig. 6 ), but if we only use Hδ, the lowest bin is younger.
One concern regarding the Balmer line indices is the possibility of weak infilling by AGN emission at high mass. Smith et al. (2007) Figure 7 shows the fraction of RSGs with AGN-like emission in the Shapley sample. At M R < −20.5, and thus high mass and velocity dispersion, there is still significant AGN contribution on the red-sequence. While galaxies with clear emission have been removed from our sample, it is possible that weak AGN emission may cause infilling in Hβ, particularly for the highest velocity dispersion galaxies. If so, it is possible we have overcorrected Hβ by the procedure adopted in Section 4. An alternative calibration would have been to fit a zero-point iteratively to the average of all bins rather than to the highest velocity dispersion bin alone. In fact, if we fit the observed Hβ indices to all velocity dispersion bins, then all models agree better with the predicted values of Hβ. The weak effect of this alternative correction on the derived ages is shown in Figure  6 . Table 3 . Note increasing metallicity, α-enhancement and age with increasing velocity dispersion. Synthetic cluster density contours are shown in grey, at 0.7dex increments (see Section 5).
A related concern is the effect on our conclusions of the choice to calibrate all lines to Nelan et al. (2005) , which itself was not calibrated to the Lick system. To test the effect of alternative calibration schemes, we have also compared our Shapley linestrength-σ relations to those from 12 Coma early-type galaxies observed by Trager et al. (2008) , which we expect to be wellcalibrated to the Lick system. We then fit additional offsets to our Nelan-calibrated Shapley linestrength-σ relations to match the Trager et al. (2008) linestrengths as a function of σ. In particular, the Balmer line offsets were estimated as HδF,HγF,Hβ ∼ 0.12,0.2,0.1 (in addition to the correction to Nelan et al. (2005) tabulated in Table  1 ). We then refit our models with this alternative calibration scheme, and find that it yields ages that are only slightly younger (by < 0.5 Gyr or 10% for the youngest galaxies). This change in stellar population parameters is smaller than other systematics, such as the effect of Table 3 . Note increasing metallicity, α-enhancement and age with increasing velocity dispersion.
using only Hβ as discussed in the previous paragraph.
Systematics Associated with Model Parameters
In Section 3, in certain models, star formation was assumed to start 13 Gyr ago, which corresponds to a rather high redshift. As an alternative, we will consider a different starting time and investigate its effect on the fits. For this purpose, we choose a redshift of 2, corresponding to approximately 10.3 Gyr, as a more realistic choice, as this is close to the peak star formation in the universe (Hopkins & Beacom 2006 ) . When we refit our star formation history models, we find that the CSFH age parameters shift towards older ages to compensate for the absence of very old stars. For example, for the EXP model, for the σ = 70 km s −1 bin, τ is reduced, from its default value of 2.4 Gyr, to only 1.7 Gyr. In the AQ model, the lookback time to quenching increased from 2.7 Gyr to 3.3 Gyr. Other velocity dispersion bins are affected similarly. We also find that metallicity increases by approximately 7% in the "mostly old" models, whereas the intermediate age models show no significant change in metallicity. Finally α-enhancements remain virtually unchanged from the 13 Gyr case. We will discuss the effects of these changes on stellar mass-to-light ratios in Section 7.1. Smith et al. (2009b) found a generally good agreement between our TMBK-based SSP models and the EZ-Ages model of Schiavon (2007) for age, metallicity and α-enhancement. However, they noted that there was a small [Fe/H]-dependent bias in the derived ages in the sense that the EZ-Ages ages were younger by ∼ 0.25 dex per dex of [Fe/H] . Given the small range in [Fe/H] covered by our sample (only 0.05 dex for σ > 70km s −1 ), the effect of the choice of models on the Age-σ relation and hence on colors and mass-to-light ratios is negligible.
Effect of Other Population Synthesis Models
Comparison with previous work
For all models, the general stellar population trends observed here for σ > 70 km s −1 , are that age, metallicity and α-enhancement all increase with velocity dispersion, are in agreement with a number of previous results (Caldwell et al. 2003; Heavens et al. 2004; Nelan et al. 2005; Thomas et al. 2005; Gallazzi et al. 2006; Smith et al. 2007 ).
The scaling relations we find for σ > 70 km s −1 are tabulated in Table 5 . Note that these are based on the fits to synthetic clusters (discussed below in Section 5) and are weighted to low velocity dispersions. We also show results from Smith et al. (2007) , using the same Shapley data (and indices) for all galaxies and for σ > 100 km s −1 . In general our scaling relations are between the "all σ" and "σ > 100 km s −1 " relations found by Smith et al. (2007) , although our scaling relation for [Z/H] is somewhat flatter. In comparison with Nelan et al. (2005) , the scaling of age with velocity dispersion is similar, however this analysis yields shallower relationships with [Z/H] and [α/Fe] . Note that our determination of α-enhancement is based on Mgb and so primarily reflects the [Mg/Fe] abundance ratio, whereas the α-enhancement of Nelan et al. (2005) was also based on CN. A full table of comparisons is given in Smith et al. (2007) .
The lowest-velocity dispersion bin (σ < 70km s −1 ) shows a either a flattening or an increase in the mean age of galaxies, in comparison to σ > 70km s −1 . This is as a result of the downturn or flattening of the Balmerline indices seen in Fig 3. We note that this change in the ages of low velocity dispersion galaxies can be seen in the fits of Smith et al. (2007) , in the sense that their scaling relations are flatter when all galaxies are included and become steeper when only high velocity dispersion galaxies (σ > 100) km s −1 are used in the fit. Furthermore, this trend is also seen in central Coma cluster galaxies at low velocity dispersions (Smith et al. 2009b ). Consequently, we argue that this effect is real, and signals the end of "downsizing" on the cluster red-sequence. We discuss selection effects that may affect the derived stellar population parameters in Section 5.4, but conclude there that correction for such effects would strengthen our conclusion that this "upsizing" effect is real.
In Section 5.4, we also show that the "pinching" of the scatter S in the lowest velocity dispersion bin is a selection effect. In reality, the scatter in age increases at decreasing velocity dispersion. This increased scatter may also help to reconcile previously contradictory results in the literature. For example, Sánchez-Blázquez et al. (2006) find no "downsizing" effect in the Coma cluster but do find downsizing in Virgo. In both clusters they have a number of objects with high-σ plus a small number (4-5) with log(σ) < 1.844. Given the large intrinsic scatter in age that we find at low-σ (>0.2 dex or ∼ 3 Gyr), we argue that a sample of 4-5 galaxies is too small to secure a robust detection of the mean age of the low-σ population. Similarly, with regard to Trager et al. (2008) , who also find no downsizing with a 12 galaxy sample, we argue that a sample of this size is too small to detect the downsizing effect, given the large intrinsic scatter in the age-σ relation.
SYNTHETIC GALAXY CLUSTERS
In section 4, we have shown how we derive the medians and dispersion of age, metallicity and α-enhancement as a function of velocity dispersion. For a given choice of stellar population parameters, P , we can generate stellar mass-to-light ratios, and hence colors and mass-to-light ratios, as outlined below in Section 5.2. To populate a synthetic cluster, the additional ingredients required are the velocity dispersion distribution, effective radii and stellar masses.
The Velocity Dispersion Distribution
The next step is to generate a synthetic cluster populated by galaxies with appropriate statistical distributions of velocity dispersion, effective radius, stellar mass, age and metallicity, as well as derived parameters (luminosity). Because velocity dispersion is the driving parameter, a prerequisite input is the velocity dispersion distribution (VDD). We adopt a lower limit of σ = 20km s −1 for the velocity dispersion distribution for our synthetic clusters. While we will not create velocity-dispersionlimited samples with velocity dispersions this low, because of the large scatter in the Faber-Jackson relation, it is necessary to include low velocity-dispersion galaxies in order to ensure completeness at a given magnitude.
To model the VDD, we begin with the fits of Sheth et al. (2003) to a sample of de Vaucouleurs-profile early-type galaxies in the SDSS
where the best fit parameters are φ * = 0.0020 ± 0.0001, α = 6.5±1.0, β = 1.93±0.22 and σ * = 88.8±17.7km s −1 . According to Sheth et al. (2003, Figure 6 ), one expects that late-type galaxies dominate the VDD, at least for velocity dispersions lower than 200 km/s. However, the exact level of the contribution of these galaxies to the VDD is very uncertain. Nevertheless, to the velocity dispersion limit to which we would like to synthesize galaxies (∼ 20km s −1 ), we expect non-early-types to make a non-negligible contribution to the RSG cluster population. Thus we model the "faint" end of the VDD as a power law in σ:
We choose to fit the "faint-end" slope, ξ, by adjusting it to fit the observed z ∼ 0 red-sequence dwarf-to-giant galaxy ratio (DGR) (Gilbank & Balogh 2008) . We find this slope to be ξ = −1.275, yielding a DGR of 3-4 at z = 0. The final adopted distribution of σ is shown in Figure 7 . For each of our CSFH models, we create 50000 galaxies from this distribution, with σ > 20 km s −1 . Thus the procedure is as follows: generate a velocity dispersion from the VDD described above. For a given velocity dispersion, the mean and scatter in the stellar population parameters are known (the binned values are interpolated or extrapolated where necessary). For each of the stellar population parameters, we can thus generate a realization consistent with the statistical distributions, allowing for correlation between offset in "age" and the offset in metallicity, and likewise between "age" and α-enhancement. The distribution of the simulated populations are shown by the contours in Figures 4 and 5.
Mass-To-Light Ratios and Colors
Having generated the stellar population parameters for our synthetic, clusters, we now turn to predicting observables, such as color. The models of Maraston (Maraston 1998 (Maraston , 2005 provide grids of stellar mass-to-light ratios in both the Johnson-Cousins and SDSS filter sets, which can be used to compute colors as a function of age and metallicity. Here we adopt the Kroupa (2001) IMF with Sheth et al. (2003) , with extrapolation to low velocity dispersions shown by the dashed line. Late-type galaxies dominate at σ < 200km s −1 . We approximate this with a power law (solid line) and fit the slope such that the resulting dwarf-togiant ratio of all models reasonably matches the z ∼ 0 observed dwarf-to-giant ratio of Gilbank & Balogh (2008) . red/intermediate horizontal branch. Using the Salpeter IMF would increase the M * /L ratios by a factor of ∼ 1.6 (Thomas et al. 2005) ; we discuss the effects of the choice of IMF in Section 7.2.
We then fit scaling relations of mass-to-light ratio and color as a function of velocity dispersion. For the fits, only galaxies with velocity dispersion log(σ) > 1.844 are used, as these are not affected by the "upturn" in age at low velocity dispersion (Figures 4, 5) . In the Appendix, Tables 8 and 9 summarize the slopes and intercepts as a function of velocity dispersion for Johnson-Cousins and SDSS passbands.
Effective Radii, Stellar Masses and Luminosities
In order to predict luminosities and the Fundamental Plane, we need to assign a stellar mass and an effective radius to each synthetic galaxy.
We assign an R e based on the σ, following the brokenpower-law model of our Coma data in Section 2.2, allowing for scatter in this relation by generating a random Gaussian deviate with the same root-mean-square scatter as given in Figure 2 . Total mass is then assigned according to the virial relation
where here we assume σ e ∼ σ (see Section 6.4). The factor c 2 depends on the luminosity distribution, velocity dispersion anisotropy and rotation. Perhaps surprisingly, Cappellari et al. (2006) found that a constant c 2 = 5 was an excellent approximation to detailed dynamical mass reconstructions. This indicates that there is little evidence for non-homology, i.e. a dependence of c 2 on mass or velocity dispersion. The same result, that early-types are homologous, has also been found using gravitational lensing as a mass estimator (Bolton et al. 2008) . Note that Cappellari et al. (2006) measured R e in the I-band, which is close to the r band used here for measuring R e , so their value of c 2 may be transferred to this analysis. Denoting the fraction of the total mass in stars as f * , we then have M * = f * M . Clearly for our analysis, c 2 and f * are degenerate. We adopt c 2 = 5 and f * = 1 (no dark matter), and return to discuss these assumptions in Section 7.3. Finally, the magnitudes are then given by, for example in the R-band,
where the stellar M * /L R is given by the Maraston models for the known stellar population parameters, constructed as described in Section 3.
5.4. Selection Effects at Faint Magnitudes As noted above, the model fits show an increase in all age-related parameters at low velocity dispersion. Kelson et al. (2006) pointed out that a magnitudelimited sample will lead to biases in stellar population parameters at fixed mass because, for example, older galaxies will be fainter and hence will be excluded by the magnitude limit. This bias was also studied by Graves et al. (2007) , who calibrated the bias empirically, and found a larger correction to metallicity than to age.
Here, we use our synthetic cluster populations to determine the effect of this bias on our modeled stellar population parameters. Our Shapley sample was limited to m R < 18, or M R < −18.65, but our synthetic clusters are limited by velocity dispersion, not by magnitude. By removing the synthetic galaxies fainter than −18.65, we can quantify the biases that may result from this selection by refitting the model parameters to the magnitude-limited sample. Figure 8 illustrates the effect, in the case of the SSP model. We find that, when faint galaxies are excluded, the remaining low-σ galaxies are younger, more metal-rich and less-α enhanced. One might naively expect the bias in metallicity to go in the opposite sense: i.e. metal-poor galaxies are brighter and hence they should be preferentially included in a magnitude-limited sample. However, in our SSP model, the scatter in age and metallicity at fixed σ is assumed to be anti-correlated (Section 4.1.2). Since the effect of age on mass-to-light is greater than that of metallicity, the bias towards younger brighter galaxies implies that we are also selecting relatively metal-rich galaxies. The correlated scatter between age and α-enhancement goes in the opposite sense, and hence so does the correction to α-enhancement. The effects of this selection bias are small, however, and affect only the lowest velocity dispersion bin. Now because the original Shapley data were indeed magnitude-limited, then to account properly for this selection effect, a correction should be applied (in the opposite sense to that found when faint galaxies are removed from the synthetic cluster sample). The corrected stellar population parameters are shown by the dashed line in Figure 8 . Thus the correction, if applied, would make the low velocity dispersion galaxies older, less metal-rich and more α-enhanced. The same bias also affects the scatter in stellar population parameters: because galaxies are removed from the magnitude-limited sample, the scatter in, for example, age is reduced. Thus a correction for selection would increase the scatter at low velocity dispersion. We do not correct for these effects in this paper, because Figure 8 shows that the effects are small. Nevertheless, the sense of the correction strengthens our conclusion that the "upsizing" at low velocity dispersion is real. Note, however, that the selection does not affect the robust "downsizing" trend seen at higher velocity dispersion (σ > 70km s −1 ).
RESULTS
For each model, we now have stellar population parameters and derived parameters, such as magnitudes and colors, for a synthetic cluster galaxy population. We can now compare these to independent observations in order to constrain the model. Later in this section, we will compare the predictions to scaling relations such as the FP. We begin however with a comparison sensitive only to the stellar populations: the color-σ relation. Figure 9 compares predicted u−g, g−i and i−K colors in our models to the Coma cluster data measured in an aperture of the same physical size (∼ 0.95 kpc, 2") as the Shapley line index data. The quantitative comparisons are restricted to galaxies with cluster-centric radii r 200 /2 to match our models derived from the central regions of Shapley clusters.
Comparison of color-σ relations
Although variable α-enhancement is used to fit the line indices using the models of Thomas et al. (2003 Thomas et al. ( , 2004 , the stellar M * /L predictions of Maraston (2005) do not allow for the effect of α-enhancement. We can estimate the effects of α-enhancement using the models of Coelho et al. (2007) , who compute tracks and colors for an α-enhanced model as well as models with solar abundance ratios. Since α-enhancement is a weak function of velocity dispersion, in principle both the slopes and the zero-points of the color-σ relations could change. Using their selfconsistent SSP model in a differential sense, ie. to derive an α-enhancement-dependent color correction, we find that the optical colors shift blueward with increasing α-enhancement, at fixed Z/H. We illustrate this for the SSP case for u − g and g − i in Figure 9 , where the lower SSP model is with α-enhancement.
Note that while our models do not allow for dust, in reality, of course dust may be present, particularly for low-σ galaxies, that may be of later morphological type. Correcting the data for this possible effect would shift the low-σ data blueward, and would make slope steeper. Fig. 8 .-Effect of a magnitude limit on the modeled SSP stellar population parameters. The Shapley data, on which the stellar populations of our synthetic clusters are based, were limited to M R < −18.65. Thus the derived stellar populations, and hence the mock clusters, may be affected by biases due to this magnitude limit. However, having fixed the stellar populations, there is no explicit magnitude limit in the synthetic clusters, i.e. some galaxies have magnitudes fainter than −18.65. This allows us to use the synthetic clusters to test the biases due to the magnitude limit. Black contours represent galaxies with M R < −18.65, whereas red contours represent galaxies with M R > −18.65 which would have been excluded had our synthetic clusters been magnitude limited. The dot -dashed red lines are fits to the stellar populations of the synthetic clusters with the faint galaxies included in the entire population, whereas the solid black lines are the fits when the faint galaxies are removed. When faint galaxies are removed from the sample, we find that, at the low velocity dispersions, the population is generally younger, more metal and less α-enhanced. The scatter in each stellar population parameter also decreases. Therefore, in order to correct for this selection effect in the real data, we would have to reverse the offset from this test, resulting in an underlying population that is older, more metal-poor and more α-enhanced with greater scatter in all parameters at dispersions log(σ) < 1.85. The dashed black lines show our best estimate of the underlying population parameters after correction for this effect.
In u − g, without allowing for α-enhancement, all models are too red. The best fit slope is the FR model and all the other models overpredict the observed slope, by factors as large as 33% (SSP). However, if we allow for α-enhancement, the SSP prediction for u−g shifts blueward by −0.090 at log σ = 1.84 and −0.136 at log σ = 2.31. This makes the SSP model very slightly bluer (by a few hundredths of a magnitude) than the Coma data, and flattens the slope to 0.45, in good agreement with the observed slope (0.43 ± 0.04). We have not calculated the effect of α-enhancement on the other models, but one might expect the sense of this correction to be the same as for the SSP case, i.e. to flatten the model slope and shift the model to bluer colors on average. Note that u−g is, however, sensitive to dust, and so the small reddening of the data may be due to dust extinction.
In the g − i color, all of the models are again too red and, with the exception of the SSP model, are also too shallow compared to the data. The effect of α-enhancement is weaker in g − i than in u − g: the models shift blueward by −0.026 at log σ = 1.84 and −0.039 at log σ = 2.31 for the SSP case. Thus allowing for α-enhancement, all models remain slightly too red (by ∼ 0.04 mag in the SSP case), and of course, a disagreement in this direction cannot arise from dust. The SSP (g − i) − log σ slope flattens slightly to 0.25, but is still a reasonable fit to the slope of the data (0.31 ± 0.03). Maraston et al. (2008) have noted that, by using empirical libraries from Pickles (1998) , the colors of solar-metallicity models change, particularly in g and r. However, the sense of the change would be to make the models even redder in g-i. In contrast to the good agreement with the α-enhancement-corrected SSP case, the "mostly-old" models (EXP, FR, OSP) have slopes only two-thirds of that observed before considering α-enhancement, which one expects would flatten them further. Furthermore, correcting for dust, if preferentially present in low-σ galaxies, would steepen the observed slope, exacerbating the conflict with the "mostly-old" models.
In i − K, again the model slopes are all too shallow. The OSP model has the strongest metallicity trend, and since i − K is more metallicity sensitive than age sensitive, it yields the steepest i − K slope. However, the SSP model is the next steepest model after the OSP case. While the models of Coelho et al. (2007) do not predict the effect of α-enhancement on i − K, those of Percival et al. (2009) do predict its effect on I − K: ∼ 0.04 for the α-enhancement relevant at σ 70 km s −1 . Thus qualitatively we would expect α-enhancement to shift colors to the blue and very slightly flatten the predicted color-σ relation, as with the optical colors.
We conclude that, overall, the SSP model and, to a lesser extent, the AQ model are good fits to the optical color-σ slopes, once the effects of α-enhancement are accounted for. The FR and EXP models do not fit the observed trends well in g − i. None of the models fit the observed i − K slope well, even the OSP model which has a strong dependence of metallicity on σ. The comparison of color-σ zero-points is less certain, particularly because of the effects of α-enhancement and of dust. No model fits the zero-point of, for example, g − i, although the SSP model zero-point is closest to the Coma data. We conclude that colors are not a strong discriminant of the CSFH models.
6.2. The Faber-Jackson relation As described in Section 5.3, stellar masses are generated based on the observed R e − σ relation, and from these and the mass-to-light ratios one can calculate magnitudes and surface brightnesses. Figure 10 illustrates the resulting Faber-Jackson (FJ) relations both for the Coma data and the models. Note that over the range of velocity dispersions cov- Fig. 9 .-Color -σ relations compared to model predictions. Colors are measured in a 2" aperture on Coma to match the 1" aperture of the Shapley data, at twice the distance. Fits to the Coma data are shown by the solid line, and robust fits to the medians, hence insensitive to outliers. Only galaxies within r 200 /2 (filled circles) and σ > 70km s −1 are used in the fit. Line styles and colors as in Fig. 3 , except for the heavy green dotted line is the SSP model with a correction for α-enhancement. The α-enhancement-correction reduces the color offsets in u − g and g − i, as discussed in the text. ered here, the observed slope of the FJ is close to −5, i.e. L ∝ σ 2 . This is in agreement with previous work (Matković & Guzmán 2005) . Only at large velocity dispersions (log(σ) > 2.23) does FJ approach the "classical" relation L ∝ σ 4 . This change in slope is a direct result of the change in slope of the log(R e ) − log(σ) relation discussed above (Section 5.3). The FJ relation is not a strong model discriminator because its slope and scatter are driven by the log(R e ) − log(σ) relation, and not by stellar populations and their associated mass-to-light ratios. Fig. 3 . The fit to Coma data uses galaxies within a cluster-centric r 200 /2 only and with σ > 70 km s −1 . Note the transition in the data from L ∝ σ 2 to L ∝ σ 4 at log σ ∼ 2.2, resulting from break in the Re − σ relation (Figure 2) . The same transition is seen in FJ of the synthetic clusters, but here we simply plot the best linear fit to their FJ relation.
The Fundamental Plane
The FP is considerably tighter than the FJ relation, and hence offers a more powerful test of dynamical massto-light ratios. Figure 11 shows the r-band FP data for Coma where we have chosen to regress the combination [log(R e ) − 0.32 µ e ] on log σ. Fig. 3 . In order of increasing extra "tilt" relative to the data, these are SSP, AQ, STR, EXP, FR and OSP. We note however that the SSP slightly overproduces the scatter in the FP. However all models, with the exception of SSP and AQ predict, at fixed Re, too faint a surface brightness at low σ.
If the tilt of the FP with respect to the virial relation were due only to variation in average stellar populations as a function of σ, then we would expect the slope of the model FP to agree with that of the Coma data. Thus the observed slope can be used to determine the additional tilt that is due to DM and/or non-homology. We find that the SSP and AQ models require the least additional tilt from DM & non-homology. We discuss this in more detail in Section 7.3 below. Furthermore, the "mostly-old" (EXP, FR, OSP) models predict a surface brightness too faint compared to the data, at low velocity dispersions and at a fixed effective radius. The addition of dark matter would exacerbate this situation as it would increase the predicted velocity dispersion and so would move the models further to the right.
An alternative way to address this issue is by constructing the dynamical mass-to-light ratio directly from the observed FP parameters (Dressler et al. 1987; Bender et al. 1992; Jorgensen et al. 1996) . These can then be compared to stellar mass-to-light ratio predictions, as shown in Fig. 12 . The most striking aspect of this is how closely the Coma dynamical M/L, as a function of σ, follows the distribution of stellar ages as a function of σ (see Fig. 4 ). Specifically we see the same steep slope at high σ and the same upturn or flattening, and increased scatter at low σ. This strongly suggests that the FP tilt and scatter are driven primarily by stellar age effects. Fig. 12. -The r-band mass-to-light ratio data from Coma. Observed data from the Coma Cluster are shown as black points, and the fit to these is indicated by the solid black line. Binned medians are plotted as grey squares. These bins represent the same log(σ) ranges used when fitting to Shapley (see Table 2 ). Model fits to the stellar M * /L are shown by the colored broken lines (line styles and colors as in Fig. 3) . Again, we only fit these lines to log(σ) > 1.844, see Section 5.4. We find the models consisting of intermediate mass stars (SSP, AQ, and STR) fit best, whereas the models consisting of old stars (OSP, FR, EXP) fit the poorest. Note here that the SSP and AQ models underpredict M FP /L at all σ's. Fig. 11 , the additional tilt of the SSP model (i.e. the tilt that is attributable to dark matter and/or non-homology, in addition to the stellar populations), is small. However, as also noted above, at log σ = 1.844, the OSP, FR and EXP models overpredict the FP-based mass-to-light ratios at the low-σ end by factors 1.45 -1.7. The numerical values are given in Table 6 . In contrast, the SSP leaves some room (∼ 20%) for dark matter.
As with
Comparison to dynamical mass-to-light ratios
A more direct comparison is with dynamical mass-tolight ratios in the I and K-band from the Schwarzchild model of the SAURON group (Cappellari et al. 2006) . The SAURON results are based on full orbit reconstruction using the observed luminosity profile and the observed line-of-sight velocity distribution. Their method thus accounts for spatial and kinematic non-homology and so a comparison between a given model and the data allow us to determine the fraction of dark matter as a function of velocity dispersion. Fig. 13 compares the stellar mass-to-light ratios of our synthetic galaxies with the data from Cappellari et al. (2006) , as a function of velocity dispersion 1 . We find that the slopes of the OSP, EXP, and FR models are much flatter than the SAURON mass-to-light ratios. The AQ and STR models are less flat and the SSP slope is a close match. As noted above the masses determined by Cappellari et al. (2006) include both dark and stellar matter, whereas our TMBK models predict only the stellar mass-to-light ratio. Note that aperture effects are small: correcting to R e (where the Cappellari et al. (2006) mass-to-light ratios are measured) yields changes in log(M * /L) < 0.01. Thus a serious problem with the OSP, FR and EXP models is that the predict stellar M * /L I in excess of the total M dyn /L I , by significant factors (1.93, 1.91 and 1.67, respectively) at log σ = 1.844. On this basis, these models are ruled out. However, note that even the AQ model has a stellar M * /L I 26% larger than the data. Table 6 outlines the offsets between data and model at log(σ) = 1.844.
Consistent dynamical mass-to-light scaling relations are found in other dynamical studies. For example, van der Marel & van Dokkum (2007) , using a compilation of data sources including Cappellari et al. (2006) , find a steep relation in the B-band, with M dyn /L B ∝ σ 0.992±0.054 . This is significantly steeper than all models except for SSP, for which the slope is 0.773 in the B-band. Their intercept at σ = 100 km/s is log(M/L) = 0.597, and is consistent with the SSP model, but, as was the case with the I-band, is larger than that of all other models at low velocity dispersion.
From Figure 13 , we see that for the SSP case, stellar populations account for 74% of the total observed M dyn /L I "tilt". Even in the K-band, 63% of the tilt is due to stellar population effects. These reduce to 50% and 38% for the AQ model. For consistency between our models and the SAURON data, we require the baryonicmass to total-mass ratio to scale as f * ∝ σ −0.22 for SSP, and ∝ σ −0.42 for the AQ case. The SAURON data are a mixture of cluster and field early-types, and it may be argued that it is not wellmatched to our predictions, which were derived from cluster galaxies alone. It is clear from Fig. 13 , however, (Cappellari et al. 2006 ) are shown by the black points (open circles are field galaxies, filled circles are cluster galaxies), and the fit to these is indicated by the solid black line. Model fits to the stellar M * /L are shown by the colored broken lines (line styles and colors as in Fig. 3) . Again, we only fit these lines to log(σ) > 1.844, see Section 5.4. Note that all models except for SSP overpredict the M/L at low σ. The models consisting mostly of old stars (OSP, FR, EXP) are the poorest fits at low σ. a Offset between data and model at log(σ) = 1.844, see Fig.  13 b Offset between data and model at log(σ) = 1.844, see Fig.  11 that there is no significant difference between cluster and field in M dyn /L. At low velocity dispersions (σ < 100 km s −1 ) there are 5 galaxies: Cappellari et al. (2006) assign three of these to clusters (although one of these is M32) and the other two to the field. Their Hβ values range from 2-3 according to their Fig. 16 , the upper end of which is larger than our median value of 2.05 at the same velocity dispersions. Interestingly, one of the high Hβ, low M/L galaxies is a cluster member. We have investigated how the slopes of the SAURON M/L relations are affected by dropping between 2 and 4 of the SAURON galaxies with the highest Hβ (and hence lowest M dyn /L). We find that this does not significantly affect our conclusions: the "mostly-old" class of model, when tuned to reproduce the observed spectral indices, yields stellar M/L ratios that are too large compared to the dynamical values.
TABLE 6 M/L Offsets at Low Velocity Dispersion
Model ∆ log(M/L I ) a ∆ log(M/L K ) a ∆ log(M/
EXTENDING THE MODELS
Our models as described above are necessarily simplistic. In this section we explore the effects on our results of (i) systematics, (ii) altering the IMF, and (iii) adding dark matter.
7.1. Systematic Effects on Mass-to-Light Ratios and Colors As mentioned in Section 4.2.3, the arbitrary choice of restricting the star formation of CSFH models to begin at a look-back time of t start = 13 Gyr requires investigation. Again, we choose a look-back time of 10.3 Gyr for comparison, which corresponds to z ∼ 2. First, we note the effect on the colors and mass-to-light ratios of the choice of t start is small. In all models, we find that, if the star formation starts at 10.3 Gyr then, at the fixed observed values of the line indices, the predicted stellar M * /L values are slightly higher than in the case with t start = 13 Gyr, with the effect being largest for the bluest bands. This arises because, for example in the case of the EXP model, when t start is decreased, then in order to fit the observed line indices, τ is also reduced compared to the t start = 13 Gyr case, with the consequence that M * /L increases. Other models are affected in a similar way. In the r and I bands in the mid-σ range, we find a 12% increase in M * /L for the EXP model and 7% increase for the AQ model. For all models, the slope of the M * /L -σ relations are negligibly affected by the choice of t start . Colors are also largely unaffected by this choice, with the largest offset being for the bluest bands. This offset in color towards the blue is 0.05 in magnitude for all colors given in Tables 8 and 9 , for all velocity dispersion bins, in all models, compared to the 13 Gyr case. This effect can be explained as follows: although t start is now more recent, the constraint on fitting the line indices forces the fitted 'age' towards older populations, as discussed in detail in Section 4.2.3. Because the mass-to-light ratios are even higher when star formation starts later, this test strengthens the conclusion that the 'mostly-old' models (EXP, FR, OSP) are a poor fit.
Next we consider the effect of Balmer line choice, as discussed in Section 4.2.2. In that Section, we found that, for example, fitting only the Hβ Balmer line had the largest effect on the ages 2 . As with the choice of t start , the effect of using only Hβ on the predicted colors is negligible. The effect on stellar mass-to-light ratios is somewhat greater: for the SSP model, this choice leads to a decrease in mass-to-light ratios on the order of 10% at log σ ∼ 1.85 in the r, I and K bands. For the EXP and FR model, however, only a 3% and 1% decreases in M * /L are found. Thus, this effect is too small to avoid our rejection of the FR and EXP models as discussed in Section 6.4, as these models would still overpredict the stellar mass-to-light ratios at low velocity dispersion, albeit by a slightly lesser amount.
Choice of IMF
In calculating stellar mass-to-light ratios, we have adopted the Kroupa (2001) IMF. Other choices often considered in the literature are the Salpeter (1955) and Chabrier (2003) IMFs. These models have similar slopes at high masses, but differ in the low mass (M < 1M ⊙ ) regime: while the Salpeter IMF is a pure power-law, the Kroupa and Chabrier IMFs have knees at masses of 0.5M ⊙ and 1M ⊙ respectively. We expect the choice of IMF to have little effect on the derived stellar ages and metallicities, since most of the light is from mainsequence turn-off and red-giant branch stars. For the ages considered here (2 Gyr to 13 Gyr), the turn-off masses are well above the IMF "knee".
The choice of IMF, however, has greater impact on the stellar mass-to-light ratios. Using the Salpeter IMF would increase the M * /L ratios by a factor of ∼ 1.6 (Thomas et al. 2005) and so would increase the conflict for all models at low σ between the stellar and dynamic mass-to-light ratios from the SAURON and FP comparisons. The Chabrier IMF produces marginally lower stellar mass-to-light ratios compared to a Kroupa IMF, but this would be insufficient to reconcile the OSP, EXP and FR models with the dynamical mass-to-light ratios.
More radical IMF modifications have been suggested by van Dokkum (2008) , who proposes an IMF in which the critical mass at the knee varies as a function of age, with older populations having higher critical masses. It is difficult to compare the results of this model in detail, as full population synthesis models have yet to be constructed. Referring to van Dokkum (2008) Figure 15 , the effects on M * /L may be modest, amounting to at most a 20% reduction compared to the Chabrier IMF for a 3 Gyr population. It seems very difficult to reduce the high stellar M/L values of the FR and OSP models, as most of their population is old, and for older populations with a larger critical mass (M c 0.3M ⊙ ), M * /L actually increases due to remnants.
We conclude that the choice of IMF cannot lower the stellar mass-to-light ratios sufficiently to ease the conflict with the OSP, FR and EXP models.
Effects of Dark Matter and Non-homology
For simplicity, our models have been assumed to be 100% stellar, i.e. f * = 1. Various studies have suggested that, like spiral galaxies, early-type galaxies also have non-negligible mass fractions of dark matter (DM) in their central regions. For example, from lensing studies, Bolton et al. (2008) find f * = 0.62 ± 0.07 within the effective radius, for galaxies with 175km s −1 < σ < 400km s −1 . It is clear that adding DM will increase the total mass-to-light ratios by a factor 1/f * . As noted above, the OSP, EXP and FR models already overpredict the dynamical M/L for low σ galaxies, so including DM would only increase the conflict.
The combined influence of DM and non-homology can also be deduced from the tilt of the FP. Following Boylan-Kolchin et al. (2006), let us assume a scaling
We define the scaling of the stellar mass-to-light as a function of σ as (M * /L) ∝ σ m , where the value of m is given as a function of model and passband in Table 9 . The theoretical FP
log I e after allowing for stellar populations and dark matter/non-homology. If we assume that the dynamical mass-to-light ratio scales with mass M as M dyn /L ∝ M T , then the "tilt" T of the FP can be expressed as
where α is the coefficient of log σ in equation 11. We can also derive tilts for the cases with only stellar populations and no DM (µ = 0, ν = 0):
as well as with DM (either µ or ν non-zero). Table 7 restates the value of m for each model from Table 9 in the r-band. We find that all of the models with the exception of the SSP are too steep (too high α, close to the virial relation) in comparison to the observed FP. We can then adjust the DM/non-homology scaling (the value of µ or ν) so as to match the observed FP slope in Figure 11 . This yields the values in the second and third columns of Table 7 . For the SSP model, the DM/non-homology scaling is essentially zero. For the other models, stronger scaling is required: for AQ µ = 0.06, or ν = 0.150. As a result, we find that in the SSP case, essentially all of the r-band FP tilt is due to stellar populations. For the AQ model, 2/3 of the tilt is due to stellar populations and 1/3 is due to DM and/or non-homology. Note that because of the age-dependence of the K-band stellar M/L, for the SSP case we find that most of the predicted K-band tilt is due to stellar population effects. In the case of the AQ model, we expect that half of the K-band tilt is due to stellar population effects.
If we repeat this exercise using the dynamical M F P /L values calculated from the FP and shown in Fig. 12 , we can determine the tilt assuming that dark matter and non-homology depend directly on σ. For the SSP case, we find that f * ∝ σ −0.13 and for the AQ case the exponent is −0.34. To extend these scaling relations to the case of non-homology, replace f * with the combination f * (c 2 /5). These scalings are slightly flatter than the corresponding values derived from the SAURON comparison: f * ∝ σ −0.22 and ∝ σ −0.42 , respectively. Since the SAURON results are free of the effects of non-homology, the comparison between the FP and SAURON scalings then yields c 2 ∝ σ 0.09 for both SSP and AQ cases. This non-homology is weak, and is not a major driver of the tilt of the FP.
DISCUSSION
Summary of Model Fits
We consider each model separately, and summarize the comparison with the observables. The OSP case is already ruled out by the Balmer linestrengths, but we note that it is also a poor fit to the colors, to the FP and dynamical M/L. FR: The 2% frosting model consists mostly of old stars.
While this model is a good fit to the slope of the u−g color-σ relation, it is a poor fit to the slopes of the g −i and particularly the i−K color-σ relation. It overpredicts the FP-based r-band mass-to-light ratios, and those from SAURON by significant factors (1.7 -1.9). We reject this model. EXP: This model also consists mostly of old stars, with the young ages arising from the exponential tail of young stars. This model, like FR, is a good fit to the slope of the u − g diagram, it is too flat fit in g − i. Like the FR model, the stellar M/L also overpredicts the FP-based dynamical r-band massto-light ratios, and those from SAURON by factors 1.45 & 1.65, respectively. Given that we expect there to be some dark matter present in RSGs, we rank this model as "disfavored".
AQ: The AQ model consists of old through intermediate age stars. In the color diagrams, its fit is better than EXP but poorer than SSP. In terms of massto-light ratio, it marginally overpredicts the FP and dynamical mass-to-light ratios, by factors 1.09 and 1.25. Given the uncertainties, we rank this model as "acceptable", although we note that the implication of this model is that there is little DM at low velocity dispersions.
STR The behavior of this model is similar to the AQ model in most respects.
SSP: This model is the best fit to the linestrengths. It also fits the slopes of the color diagrams the best overall: it is somewhat too steep in u-g, but the expectation that there may be small amounts of dust affecting the observed u-g colors at low σ goes in the right sense to account for this difference. It is the best fit in g − i, and aside from the rejected OSP model has the closest fit in i−K. Its predicted stellar mass-to-light ratios are always comfortably below the FP-based by factors ∼ 0.8 and appear to be similar to the dynamical mass-to-light ratios measured by the SAURON team. We rank this model as "good".
In summary, the models that fit best to the faint end of the FP, and to the SAURON mass-to-light ratios, are the SSP and AQ models. The models which are "mostlyold" (EXP, FR, OSP) fail to fit the faint end of the FP or the low-σ end of the SAURON M/L ratios by factors of ∼ 1.45 − 1.7.
Comparison of the predicted and observed scatter
For all of the models, with the exception of SSP, the predicted scatter from stellar population effects is well within the scatters observed in the color-σ, M/L-σ, and FP relations. The SSP model, however, overpredicts the scatter in the M/L and, to a lesser extent, in the FP. This is a direct result of assuming that age is strongly anti-correlated with metallicity at a given velocity dispersion (Section 4.1.2). Recall that the scatter in stellar population parameters is constrained by the scatter in linestrengths. When age and metallicity are anti-correlated as we have assumed, their effects on the predicted linestrength tend to partially cancel. Consequently, the observed scatter in a given linestrength index can be fit with a larger scatter in age and a larger anti-correlated scatter in metallicity than would be the case if these two parameters were assumed uncorrelated. The same "conspiracy" keeps the scatter in colors low. Mass-to-light ratios are more sensitive to age, however, and so as a result, the scatter in M * /L is larger than it would be if we had assumed that age and metallicity were uncorrelated when fitting the linestrength scatters. As a result, this does not invalidate the SSP model itself, since it may be possible to fit the line strengths adequately with a weaker age-metallicity anti-correlation 3 . For the other CSFH models, the stellar M/L ratios are largely dominated by older stars and so have considerably less scatter.
Timescales of Star Formation Histories of
Red-Sequence Galaxies The results here argue that star formation histories of RSGs were either a short SSP-like burst or of somewhat more extended duration as in the AQ model. It is difficult to distinguish between these two cases based on this lowredshift data alone.
One method, although it is somewhat uncertain, is via α-enhancement ratios. Thomas et al. (2005) have argued that, in order to obtain high α-enhancement ratios, the duration of star formation must be less than ∼ 1 Gyr. Specifically, they propose a relation [α/Fe] = 1/5 − 1/6 log(∆t), where ∆t is the full-width-at-halfmaximum of a Gaussian star formation history. For RSGs of all masses, [α/Fe] > 0.2 (Fig. 4 and 5 ) so this implies ∆t < 1 Gyr. Thus based on α-enhancement ratios and the Thomas et al. (2005) models, the SSP would be preferred over the AQ model, for which the duration of star formation can extend over a range of up to ∼ 10 Gyr at σ ∼ 70 km s −1 . However, it must be emphasized that the translation between [α/Fe] and star-formation timescale depends on many assumptions about the chemical enrichment histories of early-type galaxies, that remain uncertain at present.
Of course, more complex star formation histories than the ones described here are possible. For example, a plausible model is one in which the bulge component formed in a short SSP-like burst, whereas the disk component was quenched. Clearly the results from this model would lie somewhere between the SSP and AQ cases.
Implications for the tilt of the FP
We have shown that the best-fitting model is the SSP, and that, as a result of the scaling of SSP age with velocity dispersion, there is a strong trend of stellar massto-light ratio with velocity dispersion. Consequently, we find that 75%-100% of the r/I-band FP tilt is due to stellar population variations as a function of σ.
A strong SSP-age-driven scaling has generally not been assumed in previous analyses of the FP, leading to the conclusion that the "extra" tilt, e.g. due to DM variations, is much stronger than we find here. For example, Trujillo et al. (2004) , assumed an exponential star formation history model, and concluded that only 1/4 the tilt was due to stellar populations. In fact, we would have come to a similar value (30%), had we adopted the EXP model (see Table 7 ). The EXP model is, however, inconsistent with the observed dynamical mass-to-light ratios, as we have shown (Section 6.4). Padmanabhan et al. (2004) based their scaling analyses on the star formation models of Kauffmann et al. (2003) , which are combinations of the EXP and FR models, and found a strong scaling of dynamical mass with stellar mass. A similar conclusion was reached by Gallazzi et al. (2006) , who found M dyn /M * ∝ M 0.28 * , and Hyde & Bernardi (2008b) , who found M dyn /M * ∝ M 0.17 dyn , both based on models similar to those of Kauffmann et al. (2003) . As a result the assumed star formation history, these studies will overestimate the stellar mass at low masses and hence will overestimate the strength of the DM scaling. For the SSP model, there is essentially no FP tilt due to DM. For the AQ model, the scaling is weak:
These results have important consequences for estimating the contributions of mergers and dissipation in forming the FP. For example, dry mergers predict a scaling M dyn /M * ∝ M 0.12−0.25 * (Boylan- Kolchin et al. 2006) . Robertson et al. (2006) studied dissipational mergers argued that the tilt of the FP is due to a varying amount of dissipation in mergers along the sequence as a function of mass. If this interpretation is correct, a consequence of our study is that there is little, if any, variation in dissipation as a function of mass.
One might assume that the tilt of the FP in the nearinfrared would be less sensitive to the effects of stellar populations, and hence that the K-band FP tilt should reflect primarily the effects of dark matter and nonhomology. However, this is approximately valid only in mostly-old SFH models, which cannot simultaneously match line indices and the absolute mass-to-light ratio. For SSP or AQ models, the K-band tilt can be strongly affected by stellar population variations.
8.5. Implications for stellar masses and the stellar mass density of the Universe in red galaxies
Best fit lines are calculated for those galaxies below M K < −21, where the data are complete is log(σ). We have overlaid the contours for the SSP and EXP case, to illustrate that the scatter in log(σ) is diagonal, and also to show the very different scatters in log(M/L K ) between models. The quoted zero-points (z.p.) are measured at M K = −24 (L * ). Line styles and colors as in Fig. 3 . Green and blue contours are for the SSP and EXP populations, and levels are as in Fig. 4 . Notice the larger scatter in the SSP case, which decreases the mean mass-tolight ratio.
We have found that models that are "mostly-old" are ruled out: for small mass systems, their stellar M/L ratios exceed the total dynamical M/L ratios by factors of ∼ 1.45 − 1.7. This class of models, which includes exponential star formation histories and "frosting" scenarios, have often been used to model the star formation histories of galaxies (Cole et al. 2001; Kauffmann et al. 2003; Bell et al. 2003; Gallazzi et al. 2006) . While this may be a reasonable model for late-type or blue galaxies, we have found that it is not a good fit for RSGs. Consequently, the stellar masses of red galaxies have been overestimated by this assumption.
If we assume a different star formation history model, we will arrive at different conclusions, even at bright magnitudes. This is because the dependence of M * /L K on age is quite strong for e.g. the SSP model, and hence the scatter in M * /L K is also quite large. Thus many galaxies which are bright in K are actually galaxies with relatively small stellar mass that are quite young, boosting their K-band luminosity and lowering their mass-tolight ratio. Figure 14 shows the K-band mass-to-light ratio for the different star formation models. The ratios of the mean K-band mass-to-light ratios at M K = −24 (the characteristic K-band luminosity) are 0.73:0.82:1 for SSP:AQ:EXP. Thus for the SSP case, the luminosity density in the early-type galaxies or RSGs as calculated from the K-band should be reduced by a factor of ∼ 0.73. This would reduce the stellar mass density calculated by Bell et al. (2003) from 3.2 in units of 10
to 2.3 in the same units, and would reduce the fraction of stellar mass in early types (assuming that late-types are unaffected) from 60% to 50%. Repeating this calculation in the g-band, for example, the reduction in stellar mass in RSGs is similar to that found for morphologicallyselected early-types in the K-band: a factor ∼ 0.7. Thus the total fraction of all stellar mass which resides on the red sequence, as derived by Bell et al. (2003) , would be reduced from 70% to 60%.
CONCLUSIONS
We have constructed 6 parametric star formation models, each representing a distinct star formation history. The modeled Lick indices were fit to observed linestrength data in the Shapley supercluster, and sets of best-fit model parameters were constructed for each velocity dispersion bin for each model. Synthetic cluster populations were then constructed based on the statistical distributions of each stellar population parameter, and mass-to-light ratios were derived from the stellar populations.
Our main results are as follows:
1. From the fits to linestrength indices, we find that in all models there exists a "downsizing" trend in luminosity weighted-age age for galaxies with σ > 70km s −1 . Lower-σ galaxies also tend to be less metal rich and α-enhanced. We find that, based on the fits to the Lick indices alone, the OSP model is strongly rejected. This agrees with previous studies (Nelan et al. 2005) . The EXP and FR models are poorer fits to the linestrength data than the SSP model, but cannot rejected from this test alone.
2. The linestrength data suggest that the "downsizing" effect stops at σ ∼ 70 km s −1 below which luminosity-weighted stellar ages either stop decreasing or begin to increase. This is not a selection effect, which would tend to bias the data in the opposite sense.
3. The derived stellar mass-to-light ratios from the models were compared to dynamical mass-to-light ratios from the FP and from Cappellari et al. (2006) . The "mostly-old" class of star formation models (OSP, EXP and FR) have Kroupa-IMF stellar mass-to-light ratios that are larger than the observed dynamical mass-to-light ratios for low-σ galaxies, by factors 1.45-1.7. For these models, the addition of dark matter would make the agreement worse, thus these "mostly-old" models are ruled out. We conclude that the ∼ 6 Gyr luminosityweighted ages of low-mass RSGs do indeed reflect the "intermediate" ages of the bulk of the stellar population, as parametrized by the SSP or AQ mdoels. A hybrid of the SSP and AQ, in which, for example, the bulge of the system formed in a short intense burst, while the disk was quenched at a later time, would likely fit all of the data well.
4. We have shown that, for the "intermediate-age" scenarios, the scaling of stellar mass-to-light ratio with mass is strong, both in the optical bands and in the K-band. Consequently, stellar populations explain most of the FP tilt in the optical bands, and, for the SSP case, at least 50% of the tilt in the K-band. This leaves much less room for tilt due to variations in the dark-to-stellar mass along the red sequence.
5. For the SSP model, the stellar masses are considerably reduced, particularly at low velocity dispersions, compared to the star formation histories assumed in previous studies. As a consequence, the stellar mass density in red galaxies may be as much as 30% lower than previously assumed.
A further test of the star formation histories of RSGs is via the redshift evolution of their red and blue fractions, of their dwarf-to-giant ratios and of their colormagnitude relation slopes and zero-points. In particular, the AQ and SSP models will show strong evolution from the blue cloud to the red-sequence, whereas the "mostlyold" models will have a well-populated red-sequence at intermediate lookback times (z ∼ 0.5). We will explore these predictions in future work.
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